The ATP-binding cassette (ABC) proteins constitute one the largest protein superfamilies present in all kingdoms of life. These proteins utilize the energy from ATP hydrolysis to perform diverse functions such as nutrient uptake, antibiotic and drug resistance, antigen presentation, cell-volume regulation and many others [@bib1]. Most ABC proteins are membrane transporters, functioning as either exporters or importers, while others are soluble proteins that are involved in various cellular processes [@bib2] such as ribosome quality control and maintenance [@bib3].

ABC transporters minimally contain two transmembrane domains (TMDs) that form a substrate translocation pathway, and two cytoplasmic nucleotide-binding domains (NBDs) that energize the system via ATP hydrolysis [@bib1]. These four core domains can exist in multiple arrangements either as a single polypeptide or as separate subunits [@bib4], [@bib5]. ABC transporters are usually specific for a particular substrate class, resulting in little sequence conservation among the TMDs, whereas much greater sequence conservation exists among the NBDs that carry out the ATPase function [@bib5]. Importers are largely found in bacteria where they mediate the uptake of a variety of molecules, ions, amino acids, peptides, sugars, vitamins, co-factors and siderophores [@bib1]. Based on functional and structural distinctions, importers can be divided into three major classes [@bib6].

Most importers have an extracellular substrate-binding protein or domain (both abbreviated SBPs here) [@bib7], [@bib8]. In these binding protein-dependent transport systems, the SBPs not only deliver substrates to the transporter, they also control and trigger conformational changes required for transport [@bib1]. In Gram-negative bacteria, SBPs are usually soluble proteins located in the periplasmic space, whereas in Gram-positive bacteria, they are lipoproteins tethered to the membrane or they are fused to the TMDs [@bib8]. The binding protein-dependent transporters can be divided into two classes termed type I and type II importers [@bib6], [@bib9]. The TMDs of type I importers, exemplified by the structures of the molybdate/tungstate, maltose and methionine transporters, contain a minimal core of five TM helices and dimerize to form the translocation pathway [@bib5]. Type II importers, first recognized as a distinct sub-class with the structure determination of the *Escherichia coli* vitamin B~12~ transporter BtuCD [@bib10], typically contain larger TMDs with a distinct architecture and coupling mechanism, and in general transport larger substrates (metal chelates, heme or vitamins) [@bib4].

More recently, a third class of ABC importers, the type III importers or energy-coupling factor (ECF) transporters, was identified which do not make use of soluble extracellular SBPs [@bib11]. ECF-type transporters have a small membrane-integrated subunit (S-component) that acts as a high-affinity binder for the transported ligand. The precise transport mechanism of ECF-type transporters has yet to be clarified [@bib11].

This review will discuss properties and the transport mechanism of a prototype type I ABC importer: the maltose transporter from *E. coli*.

1. The maltose ABC transporter: a brief history {#sec1}
===============================================

Over several decades a wealth of knowledge has been accumulated on the *E. coli* maltose/maltodextrin transport system MalEFGK~2~. Much of this derives from genetic and biochemical studies that were conducted long before any structural and biophysical information of ABC proteins was available (see for reviews [@bib12], [@bib13], [@bib14]). The transporter initially attracted attention as a model for positively regulated regulons and because of the enigmatic relationship between maltose metabolism and susceptibility to λ phage infection. The λ phage receptor was later identified as an outer membrane porin (LamB, also called maltoporin) responsible for the uptake of maltose and maltodextrins into the periplasm [@bib15], [@bib16], [@bib17]. Extensive studies of bacterial transport systems mediating the uptake of nutrients were performed in the 1970s (see for review [@bib18]). In the next decade, the gene sequences of the components of the maltose import system were determined [@bib19], [@bib20], [@bib21], [@bib22].

The periplasmic SBP, MalE [@bib23], was shown to be essential for maltose uptake *in vivo*, since a MalE knock-out strain was unable to grow on maltose at external concentration of 25 mM [@bib24]. MalE was the first component of the maltose import system to be extensively characterized and crystallized [@bib25], [@bib26] (for details see review [@bib1]). In addition to maltose, MalE binds several maltodextrins with affinities in the micromolar range. After induction by maltose, MalE copy numbers in the periplasm suggested concentrations as high as 1 mM [@bib27], [@bib28].

Studies on the histidine and maltose transporters independently demonstrated that ATP hydrolysis was the energy source for uphill transport by ABC transport systems [@bib29], [@bib30]. Overexpression, purification, and reconstitution of the maltose transporter in proteoliposomes showed that ATPase activity and maltose transport were strongly dependent on MalE and substrate [@bib31], [@bib32]. The subunit stoichiometry of the transporter was determined after immunoprecipitation of the complex from detergent-solubilized *E. coli* membranes [@bib32]. In this multi-subunit complex, MalF and MalG, the two TMDs, were shown to be present in single copies, and MalK, the NBD, was present as a homodimer ([Fig. 1](#fig1){ref-type="fig"}A) [@bib33].Fig. 1**Maltose transport by MalEFGK**~**2**~**. A**, Crystal structure of MalEFGK~2~ in complex with ATP and maltose. MalE is docked onto MalFG in the outward ATP-occluded state, and a maltose molecule is colored in orange spheres (PDB: [2R6G](pdb:2R6G){#intref0020}); **B**, Schematic of the import mechanism of maltose. The four steps depicted are discussed in detail in this review. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Based on the wealth of biochemical, biophysical and structural data that we will detail below, different and even partially opposing models for transport have been proposed. To develop a conclusive mechanism of maltose/maltodextrin uptake by MalEFGK~2~, we dissect the uphill transport process involving ATP binding, hydrolysis and alternating access in four essential sequential steps: 1) substrate recognition by binding to MalE, 2) docking of MalE to the TMDs, 3) substrate delivery to the TMDs, and 4) substrate import (see [Fig. 1](#fig1){ref-type="fig"}B).

2. Step 1: Substrate selection and binding by MalE {#sec2}
==================================================

2.1. LamB protein facilitates maltose and maltodextrins diffusion through the *E. coli* outer membrane {#sec2.1}
------------------------------------------------------------------------------------------------------

Maltose and maltodextrins enter the periplasm via the outer membrane protein LamB [@bib17]. LamB is a trimeric protein, and each monomer is a β-sheet made of 18 strands folded in a toroidal motif (β-barrel). Four long uncoiled loops (L1, L3 and L6 together with L2 from an adjacent LamB monomer) inwardly form a diameter constriction delineating a channel mainly occupied by aromatic and polar residues [@bib16]. The latter constitute "polar tracks" that can dynamically establish hydrogen bonds with the sugars, thereby promoting their correct orientation with respect to the axis of the barrel [@bib34]. The pattern made of aromatic amino acids are arranged to form a "greasy side" in the channel and facilitate their sliding along [@bib16]. Maltose and maltodextrins up to seven glucose moieties are specifically transported by LamB and not by generic porins [@bib35]. Its role is crucial in facilitating the diffusion of maltodextrins and especially the ones with higher exclusion limit, ensuring that the transport rate is not limited by their passive diffusion through the outer membrane in maltose/maltodextrin fully induced strain [@bib12], [@bib36].

2.2. Sugar binding to MalE {#sec2.2}
--------------------------

In *E. coli*, MalE is the primary receptor for maltose/maltodextrins and freely diffuses in the periplasm in 20--40 times excess of the MalFGK~2~ transporter [@bib28]. MalE also functions as the chemoreceptor for maltose during chemotaxis by interacting with the methyl-accepting chemotaxis protein, Tar [@bib12], [@bib37].

Several studies have examined the specificity of sugar binding to MalE. Schwartz et al. [@bib36] reported an average apparent dissociation constant (K~d~) of 3.5 μM for maltose at 4 °C and 2.2 μM at room temperature using equilibrium dialysis, values that are similar to those obtained with spectrofluorometry [@bib38], [@bib39]. A summary of K~d~ values for MalE substrates as determined by fluorescence quenching by Ferenci et al., as well as using equilibrium and rapid-kinetic techniques by Quiocho et al., are shown in [Table 1](#tbl1){ref-type="table"}. For other related sugars such as glucose and lactose there is not yet convincing evidence that they can bind to MalE [@bib40].Table 1Comparison of dissociation constants (K~d~ values) of different MalE substrates. Determination was done via fluorescence quenching [@bib38] or via equilibrium and rapid-kinetics (stopped flow spectrometer for fluorescence measurements) [@bib39].Table 1SubstrateMalE protein K~d~ \[μM\]MalE protein K~d~ \[μM\]*Ferenci* et al. *1986Quiocho* et al. *1997*Maltose1.03.5Maltotriose--0.16Maltotetraose1.62.3Maltopentaose--5.0Maltohexaose2.83.4Maltoheptaose--1.6a-Cyclodextrin (cyclic maltohexaose)--4.0b-Cyclodextrin (cyclic maltoheptaose)--1.8

2.3. Structure of MalE and conformational changes {#sec2.3}
-------------------------------------------------

MalE consists of two globular lobes (the N-terminal and the C-terminal domains) that form a substrate-binding pocket at their interface ([Fig. 2](#fig2){ref-type="fig"}). Structural and biochemical studies of MalE allowed to distinguish different regions within the protein, which are relevant for substrate binding and resulting conformational changes ([Fig. 2](#fig2){ref-type="fig"}A). In addition to a high-affinity substrate-binding pocket ([Fig. 2](#fig2){ref-type="fig"}B, purple), these regions include the "lip region", broadly defined as the area outside and around the binding pocket ([Fig. 2](#fig2){ref-type="fig"}B, blue), and the "balancing interface", an area on the opposite side of the substrate-binding pocket including the hinge ([Fig. 2](#fig2){ref-type="fig"}B, yellow).Fig. 2**MalE structure and conformational states.A**, Crystal structures of MalE, without substrate bound (PDB: [1OMP](pdb:1OMP){#intref0025}) and with maltose bound (PDB: [1ANF](pdb:1ANF){#intref0030}). The "closure" around the ligand within the binding pocket led to the term "venus flytrap mechanism". **B**, Regions often mentioned in the literature are indicated in different colors: hinge region or balancing interface (yellow), binding pocket (red) and lip region (blue). As there is no consensus about the concrete residues assembling each region, the cartoon was kept simple and is just an indication including residues named in different publications. **C**, MalE binding pocket with maltose (shown in orange) bound. Red dashed lines indicate hydrogen bonds to subsite B (D14, K15, E111) or both, subsite B and C (E153, Y155). Subsite A and D are not involved and do not have relevance for maltose binding in *E. coli* MalE (PDB: [1ANF](pdb:1ANF){#intref0035}). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Early structural and biophysical studies suggested that substrate binding to MalE is coupled to conformational changes [@bib36]. Substrate binding induces bending of the central beta-sheet hinge, thereby trapping the substrate at the interface of the two lobes ([Fig. 2](#fig2){ref-type="fig"}A). The resemblance of the process to the Venus flytrap plant capturing its prey has led it to be known as the Venus flytrap mechanism. The interaction between maltose/maltodextrins and MalE occurs through residues in one loop and three helical segments located in the binding site ([Fig. 2](#fig2){ref-type="fig"}C). A comparison of MalE and other maltose-binding proteins that bind monosaccharides, disaccharides, or trisaccharides revealed the presence of four subsites that bind individual glucose ring units. Subsite A forms hydrogen bonds with the first glucose ring in maltose and maltodextrins. It is occluded in MalE by residues D14 and K15, which contribute, with E111, to subsite B. E153 and Y155 form contacts with the second glucose ring and are found in both subsite B and C. Subsite D can interact with larger substrates, e.g. maltotriose, but is not used for maltose [@bib41]. Additional hydrogen bonds between the ligand and residues outside of the different subsites are shown in the crystal structure ([Fig. 2](#fig2){ref-type="fig"}C).

Due to the variety of ligands bound by MalE and the difficulty in assessing all the substrate-bound conformational states by crystallography, the relationship between MalE conformational state and the competency of that state to initiate transport via MalFGK~2~ has been difficult to determine. Early studies using small-angle X-ray scattering (SAXS) confirmed the existence in solution of the closed and open conformations seen in crystal structures, where the former ligand-bound conformation was stabilized by sugar--protein interactions and the latter by interdomain contacts [@bib42]. These findings were refined using wide-angle X-ray scattering (WAXS), with the focus on the hinge region, showing a 35° bending of the hinge in parallel to a 8° rotation of the two domains between open and close state. The latter is slightly larger than expected from crystallography experiments [@bib43]. In parallel, more ligands and their effects on the degree of closure were tested by intrinsic fluorescent spectroscopy and electron paramagnetic resonance (EPR), suggesting that sugars that bind to MalE without causing the closure of its two lobes are not transported into the cytoplasm [@bib44], [@bib45]. These findings and the improved knowledge regarding MalE conformations soon made it a model protein to test experimental methods for investigating conformational dynamics. Especially for Nuclear Magnetic Resonance (NMR) Spectroscopy, MalE was a useful tool to refine the method's settings, e.g. for fast backbone dynamics in ps to ns time scales, which are similar for the apo and holo states. But, as described above, it again also revealed significant differences in domain orientation (about 10° more closed) between solution and crystalline states of the β-cyclodextrin bound MalE [@bib46]. In addition to the ^1^H, ^15^N, ^13^C^α^, and ^13^C^β^ chemical shifts, ^129^Xe and stereo-array isotope labeling (SAIL) were exploited as useful probes to detect conformational changes of MalE and similar proteins [@bib47], [@bib48]. In the NMR studies, a small population of partially closed apo MalE (approx. 5%) was identified. This intermediate conformation was found to be dynamic in ns to μs time scale rendering this conformation impossible to be crystallized [@bib49]. Molecular Dynamics (MD) studies indicated a closure rate of 30--50 ns. In presence of a ligand the occurrence of the closed conformation of MalE is clearly preferred, whereas, in the absence of ligand, the open conformation is largely predominant [@bib50]. Accelerated MD studies later confirmed the data of a preexisting dynamical exchange, yet showing that the stability of a semi-open conformation is lower than of the open state. This is revealing the importance of hydrophobic residues in the hinge region to stabilize this state without a ligand, while the fully closed state can never be reached without a suitable ligand [@bib51].

2.4. Role of MalE in transport selectivity {#sec2.4}
------------------------------------------

MalE's ability to bind sugars is not the sole determinant of whether the sugar is transported. Linear maltooligosaccarides and maltodextrins are transported if linked through two to seven α-1, 4 glycosidic bonds. Longer maltooligosaccharides or maltodextrin analogs with modified glucosyl residues at the reducing end can bind to MalE, but are not transported by MalFGK~2~.

Recently, single-molecule Förster Resonance Energy Transfer (smFRET, [Fig. 3](#fig3){ref-type="fig"}A) has been used to characterize the different conformational states of SBPs (including MalE) and their equilibrium [@bib52], [@bib53], [@bib54]. Comparison of absolute distance changes from FRET and crystallography data suggested that smFRET allows the quantification of the degree of closure of SBPs upon substrate binding. De Boer et al. [@bib52] showed that both transported ([Fig. 3](#fig3){ref-type="fig"}B) and non-transported substrates ([Fig. 3](#fig3){ref-type="fig"}C) induce conformational changes in MalE, but there was no clear relationship between the degree of closure and MalFGK~2~ ATPase activity.Fig. 3**smFRET to study the closure of MalE in the presence of various sugars. A**, smFRET assay for characterization of MalE closure by using fluorophore proximity for **B**, Transported (green) and **C**, non-transported (red) ligands. **D**, Real-time monitoring of ligand-driven conformational changes in isolated MalE by smFRET with example of maltose. **E**, Positive correlation between ligand release times derived from data similar to that of D from isolated MalE in comparison to ATPase activity of MalEFGK~2~. **F**, Ligand-release times of various transported (maltose, maltotriose, maltotetraose, maltoheptaose) and non-transported ligands (maltooctaose, maltodecaose). All panels are reprinted from de Boer et al. [@bib52]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

In contrast to other SBPs [@bib52], intrinsic conformational dynamics for wild type MalE were difficult to observe in the absence of ligand, and only the open conformation was visible [@bib52], [@bib54]. However, the use of mutations in the hinge region could exacerbate the ability of MalE to sample both the open and closed conformations in the absence of sugars. For instance, a MalE double mutant (A96W/I329W) showed a 90% population of closed conformation in the absence of sugars [@bib54]. De Boer et al., showed that the degree of closing observed in the absence of ligand was indeed identical to that of the ligand-bound conformation for both the mutant and wild type [@bib52]. Interestingly, the MalFGK~2~ ATPase activity seen with both wild type MalE and A96W/I329W MalE in the absence of maltose were similar, but only wild type MalE resulted in a large stimulation of activity upon addition of maltose [@bib55]. This suggests that the closed form of unliganded A96W/I329W MalE can only stimulate MalFGK~2~ ATPase activity to a small extent. This can be interpreted such that the allosteric trigger for ATP hydrolysis is the presence of both MalE and a transported ligand. The fact that MalE showed a single (low-FRET, thus open) apo state and that the transition into the closed-liganded conformation was concentration dependent suggested that ligands are bound by an induced-fit mechanism [@bib52], [@bib54], unless fast conformational fluctuations occur on a sub-100 μs timescale.

Further details on the selectivity of the transport process will be discussed in sections [3 and 4](#sec4){ref-type="sec"}: the interaction of MalE with MalFG (i.e., docking, [Fig. 1](#fig1){ref-type="fig"}, step 2) might be hindered for longer substrates [@bib38], [@bib56] and some sugars may not be accommodated in the TMDs.

3. Step 2: Interaction of MalE with MalFGK~2~ {#sec3}
=============================================

Once MalE is bound to a substrate molecule ([Fig. 1](#fig1){ref-type="fig"}, step 1), an interaction between MalE and the TMDs is required to initiate transport via alternating access of the ligand-binding site within the TMDs. How MalE docks to the TMDs and which factors govern efficient transport are key mechanistic questions ([Fig. 1](#fig1){ref-type="fig"}, step 2). Biochemical evidence, such as cysteine cross-linking experiments [@bib57], showed that unliganded and liganded MalE can interact with the transporter (see also review [@bib14]). Also, mathematical analysis of transport kinetics suggests models that are only consistent with interactions with both unliganded and liganded MalE [@bib58], [@bib59]. Increasing the concentration of MalE inhibited transport in vesicles when maltose concentration was kept constant at a sub-stoichiometric level, indicating that unliganded MalE competes with liganded MalE for interaction with MalFGK~2~ [@bib60]. In addition, these models predict that *K*m for transport approaches the *K*d of MalE toward maltose when the amount of binding protein increases [@bib58], [@bib60], [@bib61].

3.1. Structural elements for MalFGK2 interaction with MalE {#sec3.1}
----------------------------------------------------------

In a binding protein-dependent molybdate transporter, a surface with charged residues facilitating SBP-TMD interactions has been identified and may serve as a docking interface [@bib62]. Yet, MalFGK~2~ has additional domains to facilitate the recruitment of MalE. MalF has four periplasmic loops, of which the P2 loop (residues 91 to 276) has high relevance for MalE interactions. Isothermal titration calorimetry experiments demonstrated a direct interaction between the isolated P2 loop and both unliganded and liganded MalE (K~d~ of 22 μM and 7 μM, respectively) [@bib63]. The P2 loop folds into an Ig-like domain that extends about 3 nm into the periplasmic space [@bib33]. In addition, MalG has three periplasmic loops [@bib64], of which P1 and P3 are important for MalE docking and substrate delivery in different manner.

Cross-linking experiments suggest that MalF P2 loop and MalG P1 loop interact with the N-lobe of MalE throughout the catalytic cycle [@bib57], [@bib65]. Proteolysis and fluorescent labeling experiments showed that the accessibility of these loops were higher in the presence of ATP, i.e. when MalK~2~ was in a closed dimerized state [@bib66], suggesting local conformational changes in these loops during the catalytic cycle.

A recent comparison of MalEFGK~2~ with a homologous maltose transporter from *Bdellovibrium bacteriovorus* further supports the conclusions drawn on the role of the P2 loop in the MalE-transporter interaction. In the *B. bacteriovorus* transporter, the SBP homolog to MalE (388 amino acids with 26% sequence identity to *E. coli* MalE) is fused to the MalF protein, suggesting possible differences in its transport mechanism as compared to MalEFGK~2~. To clarify the implications of this arrangement, the isolated *B. bacteriovorus*-MalE domain was expressed and purified [@bib67]. Although the fusion to MalF sets the ratio of MalE to transporter in *B. bacteriovorus* to precisely 1:1, these experiments showed that the ATPase activity of the transporter was further stimulated by adding an excess of soluble MalE from either *B. bacteriovorus* or *E. coli*. For the *E. coli* transporter, however, only increased concentrations of its cognate SBP increased ATPase activity. The failure of the *B. bacteriovorus*-MalE to stimulate the ATPase activity of the *E. coli* transporter was suggested to be due to an inability of the protein to interact with the P2 loop of MalF. The important contact residues in the *E. coli* transporter (E72, D82, E278 and N278) [@bib67] are not conserved in the *B. bacteriovorus* protein.

After an initial interaction of the P2 loop with MalE N-lobe, several pieces of evidence support that MalE docks when its C-lobe engages with the transporter [@bib68], [@bib69], [@bib70]. It is also possible that such docking promotes a tighter interaction of the N-lobe with MalFG.

The periplasmic P3 loop of MalG (residues 236 to 262), connecting TM5 and TM6 helices, inserts into the substrate-binding site of MalE during the transport cycle. This ensures the transfer of maltose from the MalE binding pocket into the binding site in the TMDs. For this reason, the P3 loop was also called "scoop loop" [@bib33].

Taken together, these results suggest that productive docking and substrate release to the TMD requires not only the P2 loop of MalF and P3 loop of MalG as essential elements, but also structural rearrangements at the SBP-MalFG interface (notably involving MalE C-lobe, see also section [4](#sec4){ref-type="sec"} for details).

3.2. Ligand-bound MalE is required for MalFGK~2~ function {#sec3.2}
---------------------------------------------------------

Biochemical studies established early on that MalFGK~2~ alone shows very low ATPase and transport activities, even in the presence of maltose [@bib31], [@bib71]. However, both were strongly stimulated in the presence of maltose and MalE in lipid-reconstituted systems. It is important to emphasize that liganded MalE stimulates the ATPase activity ∼7--10 times stronger than unliganded MalE [@bib68], [@bib71], [@bib72]. The difference in stimulation between liganded and unliganded MalE might even have been underestimated, since a fraction of MalE tends to retain ligands even after several purification steps. A denaturation/renaturation step for MalE is thus required to obtain a fully ligand-free preparation of MalE [@bib55]. Transport assays and kinetic models suggested that both unliganded and liganded forms of MalE interact with the transporter although the liganded form may bind with higher affinity [@bib60]. Because the liganded form of MalE stimulates the ATPase activity of the transporter much more efficiently, ATPase and transport activities are likely initiated by liganded MalE docking onto the transporter or by binding of sugar to the unliganded MalE that is already bound to the P2 loop. In our view, both scenarios can happen, depending on the relative concentrations of MalE and maltose in the periplasm.

This interpretation, i.e. closed MalE initiates transport, is also supported by recent single-molecule studies that show a correlation between ligand-induced conformational changes, ATPase activity, and transport ([Fig. 3](#fig3){ref-type="fig"}D, E) [@bib52]. As mentioned in section [2](#sec2){ref-type="sec"}, both transported and non-transported ligands trigger the formation of closed MalE conformations, albeit with different degrees of closure ([Fig. 3](#fig3){ref-type="fig"}B, C). The differences in the degree of MalE closure could provide a selectivity filter for transport by conformational control, i.e., only some conformations induce ATPase activity and transport ([Fig. 3](#fig3){ref-type="fig"}B, green ligands vs. [Fig. 3](#fig3){ref-type="fig"}C, red ligands). Interestingly, the degree of closure is not the sole determinant of substrate selectivity because longer maltodextrins with \>7 glucosyl units (e.g. maltooctaose) induced a maltose-like closing of MalE but are not transported. For such ligands, the critical step in selection might occur later during substrate delivery to the TMDs.

The existence of a maltose-binding site within the TMDs of the transporter was strongly suggested with the early isolation of binding-protein independent MalFGK~2~-mutants containing a pair of mutations that mapped to either *malF* or *malG* genes [@bib73]. The strains carrying these mutants transported maltose with a much higher K~m~ (∼2 mM) than wild type (∼1 μM), suggesting that the TMDs contained a low affinity maltose-binding site [@bib74]. In addition, these mutant MalFGK~2~ complexes when reconstituted in liposomes displayed ATP hydrolysis activity in the absence of MalE [@bib71]. Structural studies with MalEFGK~2~ complex later showed that MalF has a binding site for maltose and maltodextrins [@bib33]. Additionally, MalG was shown to interact with the reducing end of the large malto-oligosaccharide maltoheptaose when it protrudes from MalE [@bib56]. Thus, MalF and MalG provide a third level at which substrate selection takes place, in addition to the ones provided by LamB and MalE.

From bulk biochemical studies, it is known that a relatively high concentration of liganded MalE is required to achieve half-maximal transport activity (15--100 μM) [@bib28], [@bib55], [@bib75]. This suggests that MalE and the transporter initially interact with low affinity [@bib76]. The opening of MalE and the associated changes in the transporter generate a tight interaction that promotes catalysis by stabilizing the transition state for ATP hydrolysis [@bib72]. Consistent with this tight interaction, the apparent K~m~ for stimulation of MalFGK~2~ ATPase activity by unliganded (i.e. open) MalE was below 1 μM [@bib55]. Opening of MalE in the transition state triggers the release of maltose from the binding protein directly into the transporter [@bib76] ([Fig. 1](#fig1){ref-type="fig"}). Single-molecule studies suggest that substrate release times from SBPs can be a rate-limiting step for transport [@bib52], [@bib53], [@bib77]. It should however be noted, that this conclusion was derived from experiments on isolated SBPs.

4. Step 3 & 4: Substrate delivery and import mechanism {#sec4}
======================================================

After substrate binding and MalE docking, a pivotal mechanism ensures unidirectional maltose import by concerted conformational changes and ATP hydrolysis. In this section, we will review what is known about substrate delivery to the TMDs and transmembrane transport.

4.1. Structural characterization of the ATPase subunits {#sec4.1}
-------------------------------------------------------

Crystal structures of the full transporter in different conformational states, as well as those of the isolated MalK~2~ domains, form the basis for understanding the alternating access mechanism employed by MalEFGK~2~ to transport maltose and other sugars. The MalK subunit consists of a NBD fold and a C-terminal regulatory domain, RD ([Fig. 4](#fig4){ref-type="fig"}) [@bib78]. The NBD is comprised of a RecA-like subdomain that is commonly found in ATPases and a α-helical subdomain, which is unique to ABC proteins. The RecA-like subdomain contains several conserved sequence motifs required for ATP hydrolysis: the Walker A motif with the consensus sequence GX~4~GKT/S, where position X can be occupied by any amino acid; the Walker B motif, which has four hydrophobic residues followed by an aspartate; and several loop motifs named after their conserved residues (A, D, Q, H) ([Fig. 4](#fig4){ref-type="fig"}). The helical subdomain contains the LSGGQ ABC signature motif that identifies the ABC proteins [@bib79], [@bib80].Fig. 4**MalK structure with conserved motifs**. **A**, Conserved motifs in the NBD of MalK. **B**, ATP-bound MalK structure (PDB: [1Q12](pdb:1Q12){#intref0040}) showing the subdomains and conserved motifs (in yellow) [@bib78]. **C**, Open MalK dimer viewed from the side (PDB: [1Q1E](pdb:1Q1E){#intref0045}). **D**, Open MalK dimer viewed from the top. The green and cyan spheres represent the V16 and R129 residues, respectively, that were used to monitor distance changes during closure of the dimer interface via EPR spectroscopy [@bib99]. Closure of the MalK dimer is indicated by the dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 4

Crystal structures of the isolated MalK dimers, in which the monomers adopt a head-to-tail arrangement, were obtained in distinct conformations and nucleotide-occupancy states [@bib78]. The interactions between RD domains stabilize the MalK dimer even in the absence of the TMDs. In the absence of nucleotides, the MalK dimer was crystallized in two conformations: one with well-separated NBDs (termed open MalK state, [Fig. 4](#fig4){ref-type="fig"}C), and one with an intermediate degree of opening (termed semi-open MalK state). In the presence of ATP, MalK~2~ forms a closed dimer in which two ATP molecules are sandwiched ("occluded") between the Walker A and LSGGQ motifs contributed by each monomer. In the presence of ADP, the dimer was found to be semi-open [@bib81]. The overall structure of the MalK dimer led to it being compared to a pair of tweezers: the RDs being the point at which the NBD arms are joined ([Fig. 4](#fig4){ref-type="fig"}C). Sampling of the three conformational states requires a rotation of the entire NBD relative to the RD ([Fig. 4](#fig4){ref-type="fig"}D). This interdomain movement is accompanied by a second rigid-body rotation of the RecA-like and helical subdomains relative to each other. During closure, this second rotation results in the proper orientation of the LSGGQ motif at the closed dimer interface for catalytic activity. Closing of the MalK dimer in the presence of ATP and its reopening subsequent to ATP hydrolysis (or ADP/P~i~ release) suggested a mechanism by which conformational changes in the NBDs could potentially power substrate translocation in the TMDs by conformational coupling [@bib78].

4.2. An alternating access mechanism for maltose transport {#sec4.2}
----------------------------------------------------------

The import of maltose proceeds by a classical alternating access mechanism in which the TMDs switch between inward- and outward-facing conformations, alternately exposing the substrate-binding site to opposite sides of the membrane ([Fig. 5](#fig5){ref-type="fig"}). As detailed above, the conformational changes in the TMD are driven by ATP binding and hydrolysis events. Because a number of recent reviews have been dedicated to the detailed structural aspects of this transition [@bib82], [@bib83], we will here only summarize these structural observations.Fig. 5**Structures of the maltose transporter in various states of the transport cycle.** Crystal structures of MalE are shown in its open (maltose free; PDB: [1OMP](pdb:1OMP){#intref0050}) and closed (maltose bound; PDB: [1ANF](pdb:1ANF){#intref0055}) conformations. The maltose transporter was crystallized in several conformational states: Inward-facing MalFGK~2~ in its resting state (PDB: [3FH6](pdb:3FH6){#intref0060}, see A), MalEFGK~2~ in a pretranslocation state (PDB: [3PV0](pdb:3PV0){#intref0065} or 3PUZ, see B), MalEFGK~2~ outward-facing state (PDB: [2R6G](pdb:2R6G){#intref0070}, see C) and MalFGK~2~ in inward-facing state inhibited by its EIIA^Glc^ regulatory protein (PDB: [4JBW](pdb:4JBW){#intref0075}, see D). A scheme of maltose delivery by MalE to MalFGK~2~ is displayed based on the crystal structures.Fig. 5

The inward-facing state of the intact transporter was crystallized in the absence of nucleotides and MalE, and was interpreted as being the resting state of the system [@bib84]. The NBDs of the intact transporter were well separated, and similar to the open conformation of the MalK dimer ([Fig. 4](#fig4){ref-type="fig"}C). In this state, the TMDs form an inward-facing cavity that exposes a MalF transmembrane maltose-binding site to the cytoplasm ([Fig. 5](#fig5){ref-type="fig"}, see A). MalF and MalG form a gate that shields the inward-facing cavity from the periplasm. In addition, the maltose transporter has a unique extended periplasmic domain, the MalF P2 loop, connecting the third and fourth TM helices of MalF, as already discussed in section [3.1](#sec3.1){ref-type="sec"}. In subsequent transport states, the P2 loop is involved in mediating interactions between the TMDs and MalE. Most of the flexible P2 loop was not resolved in the resting-state crystal structure, but the loop in its entirety was resolved in other structures, for instance in the inward-facing structure where the transporter was stabilized by the EIIA^Glc^ protein involved in catabolic repression [@bib85] ([Fig. 5](#fig5){ref-type="fig"}, see D). As mentioned in section [3.1](#sec3.1){ref-type="sec"}, the affinity of the isolated P2 loop for MalE has been estimated to be 7 and 22 μM in the presence and absence of maltose, respectively [@bib63]. Considering the high concentration of MalE in the periplasm under maltose induction (∼1 mM) [@bib27], [@bib28], the population of transporters is likely to be saturated with MalE under these conditions. Consistent with this assertion, EPR spectroscopy experiments suggested that MalE is bound to the P2 loop throughout the entire transport cycle [@bib57], [@bib63], [@bib65], [@bib86]. However, this does not mean that MalE is fully docked or engaged with MalFGK~2~ throughout the cycle.

The nature of NBD/TMD interface turned out to be remarkably similar to early predictions based on the biochemical experiments of Dassa and collaborators [@bib21]. Dassa and Hofnung identified a conserved sequence (EAA\-\--G\-\-\-\-\-\-\-\--I-LP, the EAA loop) in the TMDs of binding protein-dependent ABC importers [@bib21]. This region was predicted to form two amphipathic α-helices connected by a loop containing an invariant glycine, and was hypothesized to be an interaction site between the NBDs and TMDs [@bib87]. Paired mutations in the EAA loops of MalF and MalG resulted in a loss of *in vivo* maltose transport activity and disengagement of MalK from the TMDs [@bib88]. The effect of these mutations was suppressed by mutations in the helical subdomain of MalK that restore assembly of MalK onto MalF and MalG mutant proteins. The helical subdomains of the NBDs of ABC transporters are the most variable region of these proteins [@bib89], [@bib90]. This is consistent with their role in coupling of NBDs to the TMDs, as the latter are poorly conserved among ABC transporters. Cross-linking studies have also suggested a direct interaction between the EAA loops and the helical subdomains in MalK [@bib91]. Because cross-linking patterns between these two regions were modulated by ATP-Mg^2+^, Dassa and collaborators proposed that the helical subdomain was involved in the coupling between ATP binding/hydrolysis and transport [@bib91], [@bib92]. Years later, these conclusions were verified by crystal structures of the transporter that showed the coupling helices and the EAA motifs docked into hydrophobic clefts formed between the RecA-like and helical subdomains of each MalK subunit [@bib33]. Indeed, the structure revealed that the EAA motifs were present within MalF and MalG coupling helices, which dock into hydrophobic clefts at the interface between the RecA-like and helical subdomains of each MalK subunit. A salt bridge between the conserved glutamate in the EAA motifs and a conserved arginine in MalK stabilized this coupling interface ([Fig. 5](#fig5){ref-type="fig"}).

The maltose transporter was also crystallized in an outward-facing state [@bib33] ([Fig. 5](#fig5){ref-type="fig"}, see C). This was achieved by co-crystallizing a catalytic mutant of the transporter, MalFGK~2~ (E159Q), in the presence of ATP, maltose and MalE. The E159Q mutation was introduced to prevent ATP hydrolysis and to stabilize a tight ATP-bound NBD dimer as seen in other ABC transporters [@bib93], [@bib94]. The addition of maltose-bound MalE was predicted to stabilize the outward-facing conformation [@bib72], [@bib95]. The structure of the outward-facing conformation strongly supported the formerly proposed concerted model of transport [@bib72]. Indeed, upon vanadate-induced trapping, MalE was found tightly associated to the MalFGK~2~ transporter and in a low affinity state for maltose [@bib72]. Based on these observations, the tightly bound MalE was proposed to be in an open state, while MalK~2~ was simultaneously suggested to be in a closed conformation. Similar to the closed isolated MalK~2~ structure, the MalK dimer in the outward-facing structure displayed two ATP molecules at the interface between the Walker A and LSGGQ motifs. A large upper cavity formed by MalE, MalF, and MalG extends halfway across the predicted membrane bilayer. This cavity can readily accommodate maltoheptaose, the longest maltodextrin that can be transported. At the bottom of the cavity, maltose forms hydrogen bonds and van der Waals interactions with nine residues of MalF while its reducing-end participates in stacking interactions with two MalF residues [@bib33], [@bib83]. Six of these residues were identified in mutational studies where they severely impair maltose transport [@bib96], [@bib97]. Remarkably, no interaction between maltose and MalG was observed. The existence of a single transmembrane maltose-binding site suggested that only one maltose is imported per transport cycle. The large outward-facing cavity was shielded from the periplasmic side by MalE thus preventing release of the substrate back into the periplasm. The MalG P3 or "scoop loop" was found to be inserted into the substrate-binding site of MalE, and it was suggested that it ensures transfer of maltose from MalE to the maltose-binding site in MalF. This speculation was later confirmed by EPR spectroscopy and mutagenesis. Deletion of the P3 loop abolished transport and maltose was found retained in the binding pocket of MalE. The mutant, however, still displayed ∼50% of the ATPase activity compared with the wild type [@bib98]. A similar phenotype of uncoupled ATPase activity was observed with mutation of a MalF residue that is essential for binding of maltose in the transmembrane maltose-binding site.

The structure of another distinct intermediate referred to as the pretranslocation state was solved in the presence of maltose-bound MalE and in the absence of nucleotides [@bib70] ([Fig. 5](#fig5){ref-type="fig"}, see B). Liganded MalE was in a closed conformation, docked to MalFG, with the P2 loop making extensive contacts with the N-terminal lobe of MalE. The inward-facing cavity formed by the TMDs was narrower, and the MalK dimer was partially closed. In this semi-open MalK dimer, several catalytic residues necessary for ATP hydrolysis are brought in contact with the neighboring NBD. Indeed, the conserved D-loop of one MalK subunit hydrogen bonds with both the Walker motif S38 and the H-loop motif H192 from the other NBD. Given that both S38 and H192 also interact with the γ-phosphate of ATP in the closed MalK dimer primed for ATP hydrolysis, binding of two ATP molecules was predicted to disrupt the pretranslocation intermediate [@bib70].

Based on these structures, and supported by other biochemical/biophysical techniques described below, the maltose transporter likely cycles between inward- and outward-facing conformations, alternately exposing the transmembrane substrate-binding site to the two sides of the membrane. The concerted closure of the MalK dimer and opening of MalE release maltose to the transmembrane cavity ([Fig. 5](#fig5){ref-type="fig"}, see C). ATP hydrolysis and ADP/P~i~ release are expected to open the MalK dimer, and in so doing convert the transporter to an inward-facing conformation, permitting release of maltose into the cytoplasm. It is important to stress that the transitions between the distinct conformational states discussed above have not yet been observed directly, however, the model that has thus far emerged remains the most plausible explanation of all the available structural data.

4.3. Conformational dynamics and substrate delivery {#sec4.3}
---------------------------------------------------

Because crystal structures of the maltose transporter provide molecular details of snapshots during the transport cycle, biochemical and biophysical studies are still required to understand the conformational dynamics of ATP hydrolysis and maltose translocation. These studies would provide information on intermediate states not captured by crystallography. For instance, there is no crystal structure of ATP-bound MalFGK~2~ and the effect of ATP binding to the transporter had to be investigated by other methods. In addition, knowledge of the extent and frequency of conformational motions are critical for understanding the transport mechanism and its energetics. As are the order in which the conformational states arise during the transport cycle and their connection to specific biochemical events such as ATP binding and hydrolysis. Finally, the dynamics of a specific membrane protein in detergent or lipids can be different, as it was observed with the maltose transporter [@bib68].

Site-directed spin labeling and EPR spectroscopy have been employed to study conformational changes at strategic positions in MalEFGK~2~. Inter-residue distance measurements were used to track the opening and closing events of MalK~2~ during the catalytic cycle of the full transporter ([Fig. 4](#fig4){ref-type="fig"}D) [@bib99]. In this context, MalK~2~ was observed in three different conformations: open, closed and semi-open. In the absence of ligand, MalK~2~ remained in an open conformation, as seen in the resting state (inward-facing) structure of MalFGK~2~ [@bib84]. In contrast to what was observed using crystallography with the isolated MalK dimer [@bib78], binding of ATP alone did not induce MalK closure in the intact transporter; however, the addition of both ATP and maltose-bound MalE stabilized a closed MalK dimer. These results strongly support the idea that maltose-bound MalE stimulates the ATPase activity of the transporter by promoting MalK closure [@bib99]. This was later corroborated by the EPR work of Bordignon's team [@bib86] and more recently by molecular dynamic simulations [@bib100]. Similarly, using spin-labeled MalE [@bib45], other studies showed that ATP binding leads to the opening of MalE [@bib68], [@bib95]. These results are consistent with a concerted mechanism [@bib72], in which closing of the MalK dimer is concomitant with MalE opening and vice-versa. Interestingly, the conformational states of MalK correlate with the distinct conformations of the P2 loop [@bib86], in agreement with the notion of concerted motions of the intracellular and periplasmic components of the transporter [@bib69].

To further investigate the progression from the inward-facing state to the outward-facing state, Orelle et al. attempted to trap and analyze an intermediate between these two states [@bib101]. To this end the authors employed a MalE variant (G69C/S337C) that can be locked in a closed conformation with a disulfide bond [@bib102], and investigated the impact of this mutant on the conformation of MalK~2~. The cross-link prevents the two globular lobes of MalE from opening and maintains the protein in a conformation mimicking the maltose-bound wild type [@bib70]. With wild type MalE that is able to open, the addition of ATP drives the transporter to the outward-facing state. The hope was that if MalE cannot open, an intermediate state would be revealed. The transporter in detergent or nanodiscs [@bib103] was spin-labeled to measure either MalK~2~ closure or the relative movement between the helical and RecA-like subdomains [@bib101]. The movement of these two subdomains was thus far only examined in isolated NBDs [@bib78] and its relevance during the transport cycle was never examined by distance measurements. The addition of AMP-PNP-Mg^2+^ to the mutant complex maintained MalK~2~ in a semi-open conformation ([Fig. 6](#fig6){ref-type="fig"}, state D). In contrast, as expected, the addition of AMP-PNP-Mg^2+^ to the wild type complex triggered MalK~2~ closure. These observations indicate that closed MalE participates in the stabilization of the semi-open MalK~2~ [@bib68], [@bib101]. Furthermore, this study showed that complete closure of MalK~2~ (from semi-open to closed) was accompanied by a relative inward rotation of the helical subdomain towards the RecA-like subdomain (or reciprocally, as later proposed [@bib104]). This conformational change is coupled to the reorientation of the TMDs and thus the opening of MalE, events that promote transfer of maltose to the transporter. These data are summarized in [Fig. 6](#fig6){ref-type="fig"} (see path ABCDE). Importantly, it should be kept in mind that, *in vivo*, the amount of MalE and its saturation by maltose in the periplasm depend on complex regulation pathways based notably on catabolic repression (see section [5](#sec5){ref-type="sec"}). If most of MalE population is liganded with maltose, the preferential path would be ACDE ([Fig. 6](#fig6){ref-type="fig"}).Fig. 6**Integrated mechanism of maltose transport based on structural and biochemical studies.** Cartoons A, D, E are directly derived from crystal structures (A, PDB: [3FH6](pdb:3FH6){#intref0080}; D, [3PUZ](pdb:3PUZ){#intref0085}; E, [3RLF](pdb:3RLF){#intref0090} or [2R6G](pdb:2R6G){#intref0090a}). EPR studies from Davidson and Bordignon's groups suggested that the main conformational route occurs through ABCDEB, or ACDEB if maltose is highly available [@bib68], [@bib69], [@bib86], [@bib99], [@bib101]. Step C is probably transient but is depicted for clarity. In detergent, the ATPase activity of MalEFGK~2~ was insensitive to the presence of maltose, and EPR studies suggested that this was due to the increased ability of MalEFGK~2~ in detergent to transition through H in the absence of maltose [@bib68]. Note that conformations I and G are also observed by EPR and cross-linking studies [@bib69]. A different model was proposed by the group of Duong, in which ATP alone induces the outward-facing conformation [@bib105]. However, this model was later refined to a route through F, in which MalK~2~ is asymmetric and semi-open in the presence of ATP [@bib107]. The interaction of liganded MalE then stabilizes this conformation (similar as in D) to promote the conversion toward E, a route that is consistent with EPR data, especially if F is a small or transient population.Fig. 6

Duong and co-workers suggested a mechanistically distinct model. Here, ATP alone triggers formation of the outward-facing conformation onto which unliganded open MalE docks ([Fig. 6](#fig6){ref-type="fig"}, cartoon G). Maltose then binds to MalE to initiate transport [@bib105]. The critical evidence supporting this interpretation comes from cross-linking and fluorescence studies. The inconsistencies of such a model with the EPR results presented above and past biochemical/structural work has been discussed elsewhere [@bib68]. Moreover, it is probable that the aforementioned cysteine cross-linking experiments trapped transient states of the transporter that were not visible by EPR. Based on recent work in collaboration with Rouiller's team, the Duong group has refined their model and it is now more compatible with the model suggested by the crystal structures and EPR data ([Fig. 6](#fig6){ref-type="fig"}, path AFE). They employed negative stain single-particle electron microscopy to probe the conformations of MalEFGK~2~ in nanodiscs [@bib106] in the presence of ligands [@bib107]. According to the authors, binding of ATP may drive closure of MalK~2~ but this conformation is unstable and reverts to an asymmetrical semi-closed state that was, to the best of our knowledge, not reported before. The additional presence of MalE stabilizes the closed conformation of MalK~2~.

4.4. Mechanism of ATPase stimulation by substrate-bound MalE {#sec4.4}
------------------------------------------------------------

In the absence of MalE, the TMDs impose structural constraints that prevent MalK~2~ closure [@bib84], and reciprocally, nucleotide-free MalK promotes an inward-facing conformation of the TMDs [@bib108]. The low basal ATPase activity of the complex is thus a consequence of the low likelihood of reaching the closed state where ATP hydrolysis can occur [@bib109]. When the transporter is in membranes, only the substrate-bound form of MalE efficiently stimulates ATPase activity [@bib68], [@bib71], [@bib106]. However, this is not the case when the transporter is in detergent, where MalE-stimulated ATPase activity was independent of maltose [@bib68].

These observations are consistent with recent smFRET studies that show that the ATPase activity of the transporter was dependent on the propensity of substrate-bound MalE to adopt one of several closed conformations [@bib52]. Only closed MalE conformations ([Fig. 3](#fig3){ref-type="fig"}B, C) seem to induce transport and substantial ATPase activity. Interestingly, it was found that the ATPase activity of the transporter increased with slower ligand release times as determined for freely diffusing MalE ([Fig. 3](#fig3){ref-type="fig"}D, E) with maltose, maltotriose, and maltotetraose as substrates. According to previous studies, however, faster ligand release should result in higher ATPase activity and transport [@bib53], [@bib77]. One possible explanation for this discrepancy is that the longer maltodextrins make additional interactions with the TMDs, subtly altering the conformation of the complex and thus promoting ATP hydrolysis. Maltoheptaose and maltooctaose induce similar conformational changes in MalE and were released with similar rates ([Fig. 3](#fig3){ref-type="fig"}F), but maltooctaose is not transported, suggesting substrate selectivity is to some degree determined by the TMD [@bib52].

Based on the findings described above, maltose-bound MalE stimulates the ATPase activity of MalFGK~2~ by two mechanisms. First, its interaction with the transporter facilitates closure of the ATP-bound MalK dimer [@bib33], [@bib86], [@bib99], [@bib110]. It does so by stabilizing the semi-open state of the MalK dimer when the transporter is in a lipid environment, and it should be noted that maltose is not required for this stabilization when the transporter is in detergent [@bib68] ([Fig. 6](#fig6){ref-type="fig"}, states H and I). This stabilizing property is a key mechanistic element for the coupling of maltose transport to ATP hydrolysis. The crystal structure of the pretranslocation state gives structural insights into this transition. Docking of both lobes of maltose-bound MalE facilitates partial rotations of both the TMDs and the MalK dimer, bringing critical catalytic residues to the NBD dimer interface [@bib70]. Importantly, it should be noted that crystals of the pretranslocation intermediate state of MalEFGK~2~ were obtained under two conditions: either with liganded MalE alone (PDB [3PV0](pdb:3PV0){#intref0010}) or with AMP-PNP-Mg^2+^ in conjunction with a liganded MalE locked in a closed conformation (PDB [3PUZ](pdb:3PUZ){#intref0015}). However, the pretranslocation state was not observed by EPR under the conditions where only liganded MalE was present [@bib69], [@bib99]. The pretranslocation state with a semi-open MalK dimer was only seen in EPR when AMP-PNP-Mg^2+^ was bound and MalE was prevented from opening [@bib101] ([Fig. 6](#fig6){ref-type="fig"}, state D). Consistent with the EPR observations, Shilton proposed, by analogy with enzymes, that conformational changes in the maltose transporter are likely promoted by the stabilization of higher-energy intermediate conformations [@bib111]. It is speculated that the pretranslocation state of MalEFGK~2~ would have a relatively high energy as compared to the inward and outward-facing conformations, thereby presenting an energetic barrier that limits uncoupled ATP hydrolysis. According to this hypothesis, liganded MalE is unlikely to interact with the inward-facing resting state conformation (and in doing so promoting the formation of outward-facing conformation). Indeed, if maltose-bound MalE was to bind preferentially to the resting state of MalFGK~2~, it would decrease ATPase activity by stabilizing a low-energy conformation that is not able to hydrolyze ATP. Shilton therefore hypothesized that binding to a higher-energy occluded conformation, intermediate between open-in and open-out, offers an energetically reasonable pathway for liganded MalE to promote conformational changes in the system [@bib111]. Thus, maltose-bound MalE and ATP might synergistically initiate the catalytic cycle by binding to, and lowering the energy of, the occluded conformation, facilitating the transition to the outward-facing conformation. When the NBDs of the pretranslocation state are closer together [@bib70], [@bib101], ATP can complete the progression to the outward-facing state in which MalE opens to deliver maltose. In this configuration, open MalE also participates in the stimulation of ATPase activity by stabilizing the transition state for ATP hydrolysis [@bib69], [@bib72], [@bib95], [@bib112]. In agreement with this idea, several studies suggested that the maltose transporter binding-protein independent (BPI) mutants may shift the equilibrium from the inward-facing state to the outward-facing state [@bib66], [@bib110], [@bib113], [@bib114], [@bib115], [@bib116], thereby explaining how these mutants hydrolyze ATP in the absence of MalE [@bib71], [@bib73], [@bib117]. Accordingly, most of the primary BPI mutations were found at the interface between MalF and MalG and were predicted to destabilize the inward-facing conformation [@bib84].

Therefore, the stimulation of ATPase activity found in productive maltose transport is governed by direct interactions of maltose-bound MalE with the transporter; however, maltose-free MalE is capable of stimulating low levels of ATPase activity suggesting a conformational plasticity of the transporter [@bib69] and that open MalE might interact with a small population of transporters in the outward-facing conformation [@bib55]. Maltose-bound MalE is much more efficient in stimulating the ATPase activity of MalFGK~2~ because the substrate directly affects the conformation of MalE and thus its capacity to interact productively with the transporter [@bib70].

Pre-steady state studies of the maltose transporter suggested that basal ATPase activity of MalFGK~2~ is very low because the cleavage of ATP is rate limiting. The binding of unliganded MalE to the transporter increases ATP hydrolysis and P~i~ release becomes rate limiting. Liganded MalE, however, stimulates release of P~i~ [@bib118].

In summary, substrate-bound MalE stabilizes the semi-open configuration of MalK~2~, whereas open MalE stabilizes the closed state of MalK~2~. Thus, both MalE conformations participate in the stimulation of MalFGK~2~ ATPase activity.

4.5. Mechanism of ATP hydrolysis {#sec4.5}
--------------------------------

The mechanism of ATP hydrolysis by the maltose transporter was elucidated by Oldham and Chen [@bib119]. During progression to the transition state, the geometry of the γ-phosphate changes from tetrahedral to trigonal bipyramidal and several compounds can be used to trap the various stages of the hydrolysis reaction. Beryllium fluoride (BeF~3~) forms a complex with ADP with tetrahedral geometry, thereby mimicking the ground state. Orthovanadate (Vi) and aluminum tetrafluoride (AlF~4~), however, form trigonal bipyramidal and octahedral complexes, respectively, in the transition state. Structures of the maltose transporter were obtained with AMP-PNP and all three compounds [@bib119]. The glutamate adjacent to the Walker B motif, E159, was found either bonded to a properly positioned attacking water molecule or the equivalent Vi apical oxygen, consistent with a general base mechanism. In contrast, whereas both the histidine of the H-loop and the serine of the signature sequence interacted with the nucleotide, neither was bonded to the attacking water molecule, precluding a substrate-assisted or serine-assisted mechanism. The position of the signature motif (LSGGQ) was similar to the "arginine finger" found in other RecA-like ATPases. Interestingly, in contrast to what is generally observed with isolated NBDs, the Q-loop, which joins the helical and RecA-like subdomains ([Fig. 4](#fig4){ref-type="fig"}), was well stabilized and interacted with both Mg^2+^ and the γ-phosphate in the structures [@bib119]. The presence of the TMDs thus ensured a proper orientation of the full active site. Therefore, the low ATPase activities measured for isolated NBDs may result from a poorly stabilized Q-loop motif and the improper positioning of the helical subdomain carrying the LSSGQ motif.

The overall structures of the maltose transporter using mimics of both the ground (ADP-BeF~3~, AMP-PNP) and transition states (ADP-VO~4~, ADP-ALF~4~) were similar, suggesting that no major structural rearrangements occur during formation of the transition state. The transition state may only be a chemical intermediate with no special role in substrate translocation. Thus, reversion of the transporter to its inward-facing state likely follows release of inorganic phosphate and/or ADP molecules.

5. Transcriptional and functional regulation of maltose/maltodextrin transport {#sec5}
==============================================================================

Complex pathways regulate the utilization of carbon sources depending on their availability in the external cellular (growth) medium. Bacteria prefer to use primary sources, such as glucose and glucose 6-P, rather than secondary sources like maltose or maltodextrins. This preferential "uptake-dependent" usage of catabolites by bacteria, where some are more rapidly metabolized than others, was recognized early on [@bib120], [@bib121]. Thus, under conditions of primary nutrients deficiency, the uptake of maltose/maltodextrins in *E. coli* results from the synergistic action of LamB and MalEFGK~2~ system, which are both controlled at the transcriptional level [@bib122], [@bib123]. More precisely, the expression level and activity of both LamB and MalEFGK~2~ need to be adjusted according to (i) the abundance of maltodextrins in the medium and/or (ii) the levels of primary metabolizable carbon sources, also known as phosphotransferase system (PTS) substrates [@bib124]. As explained below, the integration of positive and negative control factors not only fine-tunes the transcription of both LamB and MalEFGK~2~, but also modulates the functional activity of the maltose transporter.

5.1. Catabolic repression {#sec5.1}
-------------------------

The PTS consists of a series of chain-phosphorylation reactions, which produces phosphorylated sugars that are available as cellular energy sources. Uptake and metabolism of maltose and maltodextrins (the so-called non-PTS sugars) are regulated by phosphorylation of a key PTS-intermediate, the glucose-specific enzyme EIIA^glc^ (also known as III^glc^). EIIA^glc^ is unphosphorylated when glucose is in excess and inhibits maltose/maltodextrins import by a direct 1:1 interaction with each subunit of the MalK homodimer [@bib85] ([Fig. 5](#fig5){ref-type="fig"}, see D). Mechanistically, this interaction arrests the MalFGK~2~ complex in the inward-facing conformation and thus prohibits transport of maltodextrins. Maltose and maltodextrins such as maltotriose induce the machinery required for their uptake and metabolism by promoting directly, or indirectly through the maltodextrins metabolism, the transcription of both the *malA* and *malB* chromosomal regions that contain the inducible MalEFGK~2~ operon, and genes encoding LamB and maltose/maltodextrins metabolic enzymes [@bib12], [@bib125], [@bib126]. For this reason, the EIIA^glc^-triggered prohibition of maltodextrins uptake is also known as "inducer exclusion" mechanism or catabolite repression [@bib124], [@bib127] ([Fig. 7](#fig7){ref-type="fig"}A). Dean et al. [@bib122] studied inducer exclusion of the MalEFGK~2~ transporter reconstituted in EIIA^glc^-filled liposomes by measuring ^14^C-maltose uptake, and estimated the inhibitor constant K~i~ for EIIA^glc^ of ∼40 μM, a value in accordance with intracellular concentration of the enzyme [@bib128].Fig. 7**Mechanism for the control of maltose uptake. A,** Schematic model of the inducer exclusion mechanism. PTS permeases facilitate PTS sugar uptake into the cell. EIIA^glc^ is dephosphorylated, interacts with NBD and RD from different monomers of MalK, and is anchored to the inner leaflet of the membrane. The maltose transporter MalFGK~2~ is thus trapped in an inactive conformation and maltodextrins uptake is inhibited. Consequently, maltodextrins (e.g. maltose, maltotriose) cannot further induce the maltose system by promoting the expression of *malA* and *malB* genes. **B**, Representation of the MalT positive regulation. In the absence of PTS sugars, the equilibrium of EIIA^glc^ is shifted towards its phosphorylated state (EIIA^glc^-P) which cannot interact with MalK; therefore, transport can occur. Under these conditions, maltose induces the expression of *malA* and *malB* regions through its channeling into a metabolic pathway mediated by MalT-inducible enzymes. MalT is released from MalK and can be activated by (cognate) maltotriose imported or produced from the maltodextrin metabolism. MalT multimerization (upon its activation) allows its binding to the *malA* and *malB* promoters thereby inducing gene transcription. Of note, the divergent operon that belongs to the *malA* region and contains the *malT* gene is not shown, since it does not belong to the maltose regulon. Moreover, MalT-inducible operons located in other loci than *malA* and *malB* are also not shown for simplicity.Fig. 7

Genetic and structural approaches such as site-directed mutagenesis, protein docking prediction, and X-ray crystallography, revealed the β-sheet sandwich topology, and 3D structure of the glucose-specific enzyme EIIA^glc^ [@bib129], [@bib130]. Other studies have revealed the three main regions of EIIA^glc^ that are involved in binding to MalK [@bib131]. One interaction site is essential and specific for MalK binding, whereas the other two regions partially overlap with the EIIA^glc^ binding surfaces for other PTS-sensitive targets (e.g. lactose permease, glycerol kinase) and PTS phosphocarriers (Hpr protein or EIIB^glc^). Transport activity and MalE-stimulation were recovered with EIIA mutants containing substitutions in these critical regions [@bib131]. More recently, by a combination of *in silico* approaches, e.g., docking predictions, and site-directed cross-linking experiments (using single cysteine mutants of MalK and EIIA^glc^), the mode of interaction between MalK and EIIA was confirmed [@bib129].

Chen et al. [@bib85] determined the structure of the inward-facing MalFGK~2~ bound to EIIA^glc^. From the superimposition of the EIIA^glc^ structures in its free and transporter-bound state, it became evident that EIIA^glc^ does not undergo significant conformational changes upon binding to MalK. It was also hypothesized that phosphorylation of the H90 residue of EIIA greatly reduces its affinity for MalK. It was reasoned that the introduction of a negatively charged phosphate group on H90 would abolish its interactions with Q122 of MalK by sterical and charge-induced disruptions of the surrounding hydrophobic interface. Notably, this structure showed that EIIA interacts with both the NBD (55% of its buried surface) and the RD (45%) of MalFGK~2~, as was also proposed from previous site-directed mutagenesis studies [@bib122], [@bib129], [@bib131]. Interestingly, these interactions involve the NBD and the RD from opposite monomers of MalK, thus hindering the NBD interdomain-rotation with respect to the RDs-pivot, that normally facilitates the transition from the resting (inward-facing) to the active (outward-facing) state of the maltose transporter ([Fig. 5](#fig5){ref-type="fig"}; section [4](#sec4){ref-type="sec"}). This model is in accordance with EPR studies that employed double-spin-labeled versions of MalK (V17C and E128C variants) to analyze their inter-distance distributions in MalFGK~2~ in nanodisc in the presence of maltose-bound MalE [@bib132]. These results confirmed the hypothesis that EIIA^glc^ reduces transport activity by inhibiting ATP hydrolysis, without affecting the binding affinity of ATP for MalFGK~2~. Comparable affinities for ATP were indeed reported in the presence and absence of EIIA^glc^ using the MalFGK~2~ system reconstituted in nanodiscs [@bib129].

In addition to direct physical contact between EIIA^glc^ and MalK, an interaction between EIIA^glc^ and the surrounding membrane, in particular membrane enriched in phosphatidylglycerol (PG), also contributes to the stability of the complex [@bib129], [@bib133]. This membrane interaction is mediated by the first 18 N-terminal amino acids of EIIA^glc^, which form a α-helix upon proximity to the negatively charged headgroups of PG (and other phospholipids); the interaction occurs mainly thanks to the presence of lysine residues in this region of the protein. This interaction has been observed in structural analyses [@bib85] and in co-sedimentation and detergent versus proteoliposomes/nanodiscs functional assays that employed N-truncated versions of EIIA^glc^ [@bib85], [@bib129], [@bib132]. Taken together, these studies suggest that the N-terminal amphipathic α-helix plays an essential role in inducer exclusion of the MalEFGK~2~ transporter, essentially by stabilizing the interaction with MalK.

5.2. Positive regulation by MalT {#sec5.2}
--------------------------------

In addition to the negative control exerted indirectly on the maltose regulon by EIIA^glc^, there is also direct positive regulation, unlike in other non-PTS expression systems, e.g. the arabinose operon [@bib123]. In enteric bacteria (e.g. *E. coli*, *Salmonella* spp., *Vibrio* spp.) this positive control is exerted by the transcription factor MalT [@bib134], [@bib135]. MalT is composed of an NBD, two linker regions (one winged-helix and one flexible arm), a domain for sensing maltotriose (the MalT activator), and a DNA-binding domain [@bib136]. It binds to promoter "initiator" regions (MalT boxes) of the *malA* and *malB* operons to effect transcription of their genes [@bib12], [@bib123]. The equilibrium between a resting ADP- and an active ATP-bound state of MalT is an essential feature of its activation: once MalT is ATP-bound it multimerizes and undergoes cooperative interaction with its DNA target sequences [@bib137]. The multimerization of MalT is induced by the presence of maltotriose in the cytoplasm [@bib125], [@bib137] ([Fig. 7](#fig7){ref-type="fig"}B). Thus, maltotriose represents the only direct inducer of the maltose system by interacting with MalT and thereby promoting its activation. The presence of maltotriose in the cell originates from several sources, as it can be: (i) directly imported via MalFGK~2~; (ii) produced as intermediate of maltose/maltodextrins metabolism [@bib12], [@bib125]; (iii) generated as a product of glycogen catabolism [@bib138]. Recently, it was proposed that MalK sequesters MalT when the maltose transporter is in its resting state ([Fig. 7](#fig7){ref-type="fig"}B). This interaction between MalT and MalK would prevent MalT from binding maltotriose thereby limiting the expression of the maltose regulons [@bib136]. The MalK--MalT interaction has been corroborated in mutagenesis studies, which have identified the residues that form the contact interface between MalK and MalT [@bib139], [@bib140]. Although biochemical information on MalT and its DNA binding to the MalT boxes are available, various mechanistic and structural details are still to be elucidated. Current understanding of how maltose regulon functions has allowed its exploitation for the selective cytoplasmic internalization of synthetic maltotriose-conjugated molecules, an example of how the maltose uptake system can be used as a self-powered molecular machine for the selective delivery of drugs and other molecules into cells [@bib141].

6. Discussion and outlook {#sec6}
=========================

In our review, we have presented an integrated mechanism for the maltose transporter based on a combination of biochemical, structural and biophysical studies. A critical question is whether we have come to full and satisfying understanding of the transport mechanism. There is a saying in engineering that one cannot understand what one cannot build. If we manipulate the maltose import system by mutagenesis, varying the experimental environment, or using promiscuous ligands, can we predict the response of the transporter? We are probably far from that goal. For instance, manipulating the affinity of MalE or MalF for maltodextrins, engineering new substrate specificities, and altering the dynamics of MalE or MalK~2~ closure/opening may be investigated to assess their impact on transport kinetics and properties. We consider the following aspects crucial for further mechanistic insights and advancement of the transport model:(i)*Are one or two ATP molecules hydrolyzed per transport cycle?* If two ATP molecules are required for MalK~2~ closure, a key question is whether they are hydrolyzed simultaneously or sequentially. A molecular dynamics study of MalEFGK~2~ suggested that opening of both ATP-binding sites in the MalK~2~ dimer is necessary for the transporter to return to the inward-facing state [@bib104]. However, the study does not exclude the possibility that on longer timescales hydrolysis of a single ATP molecule could drive the opening of both sites, as seen with isolated MalK~2~ [@bib142]. It also still unclear at which catalytic step maltose is translocated into the cell, although it is likely to occur during release of the ATP hydrolysis products (P~i~ and/or ADP). In the presence of maltose, EPR studies suggest that the ADP-bound post-hydrolysis conformation is inward-facing with a semi-open MalK~2~ [@bib69], [@bib99]. Thus, the post-hydrolysis conformation might resemble the pretranslocation state, with a semi-open MalK dimer coupled to inward-facing TMDs. In this configuration, dissociation of ADP and/or MalE is likely to occur thereby promoting a full opening of MalK~2~.(ii)*What are the relevant conformational dynamics required for substrate translocation?* In our view, this question would be best addressed using single-molecule methodology as used for the soluble MalE ([Fig. 3](#fig3){ref-type="fig"}). Such studies would focus on the ligand-dependent transitions to determine transition rates between different conformational states. This would provide opportunities for assessing the dominant states of the transporter and discovering minor sub-populations or transient intermediates that occur during the transport cycle. For instance, it would be important to determine whether MalE induces conformational changes in MalFGK~2~ or stabilizes some high-energy and transient states of the transporter. Inter- and intramolecular approaches ([Fig. 8](#fig8){ref-type="fig"}) would allow a direct visualization of subunit interactions, for instance, docking ([Fig. 8](#fig8){ref-type="fig"}A) of MalE to MalFG, conformational changes in TMDs ([Fig. 8](#fig8){ref-type="fig"}B) and NBDs, or the interaction between EIIA and MalK.Fig. 8**Proposed future smFRET studies of MalEFGK**~**2**~**. A**, Visualization of one of the many interactions that occur between subunits (complex formation) using smFRET. Depicted assay would monitor interactions between MalE and MalF or MalG to understand further the docking process. **B**, Study of intra- or interdomain conformational changes via FRET. Figure adapted from Mächtel et al. [@bib166].Fig. 8

In an early unpublished study from the Davidson lab, the NBDs of nanodisc-reconstituted maltose transporter were labeled with Cy3/Cy5 to monitor effects of nucleotide addition using TIRF microscopy [@bib143]. This work established a solid basis for the overexpression of MalFGK~2~ and for the flexible fluorophore labeling needed for smFRET. It also provided the first exciting insights into the conformational heterogeneity of the NBDs under various conditions (apo, ATP-bound, vanadate, maltose-bound MalE, unliganded MalE etc\...). It remains, however, challenging to observe conformational dynamics in real time and to interpret the observed dynamics in light of the transport cycle. TMD movements or MalE-TMD interactions, as illustrated in [Fig. 8](#fig8){ref-type="fig"}, have to the best of our knowledge, not thus far been reported. Recently, smFRET was used to study isolated MalK~2~ to further elucidate the details of its ATPase catalytic function [@bib144]. In accordance with existing crystal structures of isolated MalK~2~, three different conformational states were observed with TIRF-smFRET. The population distributions showed sensitivity to addition of ATP, nucleotide analogs and catalytic mutations.

As illustrated by the few examples reported thus far, smFRET studies (and this may be true of other biophysical approaches) remain challenging for membrane transporters. One key problem is achieving efficient fluorescence labeling of a functional transporter. And this may explain the rather limited number of published smFRET studies on ABC transporters labeled in the NBDs or TMDs [@bib145], [@bib146], [@bib147], [@bib148]. In the future, successful characterization of conformational dynamics may depend on alternative assays based on approaches that make quality sample preparation more readily achievable, such as the single label methods, protein induced fluorescence enhancement [@bib149], [@bib150] and quenching [@bib151].

Molecular dynamics (MD) simulations are also useful for structural and dynamic investigations at the atomic level and may beneficially complement experimental approaches. They can in principle provide detailed information on conformational dynamics, energetics, populations, and allosteric effects during the transport cycle, although substantial technical limitations exist [@bib152].(iii)*How are substrate binding*, *energy utilization and translocation coordinated?* A more comprehensive model of transport would require direct observation of the coordination of transport events, i.e., how substrate and ATP binding, as well as how ATP hydrolysis are coupled and transferred into conformational changes that drive substrate transport. To answer these questions, not only structural movements of the transporter have to be monitored, but also its biochemical activity (ATPase activity and transport) would need to be visualized on the single-molecule level. The first, and to our knowledge only study to report single-molecule visualization of conformational dynamics and transporter activity, albeit not simultaneously, was reported for the vitamin B~12~ importer BtuCD-F [@bib153]. Another recent example investigated the functional dynamics of a eukaryotic primary active transporter, the *Arabidopsis thaliana* H^+^-adenosine triphosphatase (ATPase) isoform 2 (AHA2) [@bib154]. In this study, the authors used single-molecule fluorescence microscopy to monitor single AHA2 containing proteoliposomes that had been tethered to a passivated glass slide to allow high throughput imaging. Changes in the H^+^ concentration were measured with a lipid-conjugated pH-sensitive fluorophore [@bib154]. Their results, evaluated in the light of a physical non-equilibrium model of vesicle acidification, revealed that transport was stochastically interrupted by long-lived inactive or leaky states. Such approaches, more widely applied to ABC transporters, represent in our view, the most promising route to a detailed elucidation of the biochemistry of membrane transport.

In future work, the Cordes lab envisions to monitor the biochemical activity of transporters and in particular that of the maltose import system using single liposome approaches ([Fig. 9](#fig9){ref-type="fig"}) similar to published work from Stamou and co-workers [@bib154]. The central idea of this will be the visualization of the biochemical activity of one transporter (and different mechanistic aspects of it) in a Poisson-dilution regime in a single liposome, which is visualized by sensitive fluorescence video microscopy. In these single liposome assays, 'fluorescent substrate sensors' ([Fig. 9](#fig9){ref-type="fig"}A, B) are deposited in the lumen at high concentrations. The fluorescence will be recorded using TIRF microscopes in combination with (multi-color) detection ([Fig. 9](#fig9){ref-type="fig"}C). In this way fluorescent lipid markers such as DiD ([Fig. 9](#fig9){ref-type="fig"}A) can be used for verification of the liposome location and simultaneous analysis of luminal sensor dye(s). Key to success of such an assay are the fluorescent substrate sensors. The sensors should change their photophysical parameters whenever the substrate, ATP, or co-substrate concentration is altered inside the liposome due to transport. In analogy to published studies [@bib154], chemical fluorescent sensors for transporter substrates could be employed in the lumen of the liposome or via lipid anchoring.Fig. 9**Proposed future single transporter recordings using periplasmic substrate binding protein-based fluorescent biosensors. A**, Schematic of the proposed experimental set-up for single-transporter recordings. Single-transporters are reconstituted into proteoliposomes at low protein-to-lipid ratios to have one (or none) transporter per liposome, providing positive and negative control experiments. The position of the liposome can be detected via a fluorescent marker. Liposomes are filled with a large quantity of fluorescent sensors such as SBPs that detect changes in the concentration of the substrate, here via increase in their signal. **B**, Assay design for use of MalE as maltose-sensor using an environmentally-sensitive fluorophore (blue: IANBD). Fluorescence spectra at increasing maltose concentration from 0 (low fluorescence) to 1 mM maltose (high fluorescence). **C**, Scheme of the TIRF-microscope with laser box and dual-view allowing simultaneous recording of two emission channels, exemplified by data from a lipid marker DiD and luminal dsDNA-fluorescein. **D**, Example data of fluorescent markers in lumen and the liposome leaflet as schematics for expected signals upon single-transporter recordings. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 9

In particular, SBP-based biosensors represent a great tool for versatile sensing of various ligands in transport assays. SBPs have been exploited as biosensors before [@bib155] and in these efforts substrate induced conformational changes were converted into fluorescence [@bib156], [@bib157], electrical [@bib158] or magnetic signals [@bib159]. Preliminary data of our lab show the basics of this idea by conversion of MalE ([Fig. 9](#fig9){ref-type="fig"}B) into a fluorescent turn-on sensor for maltose using covalent labeling of the protein with IANBD-fluorophore. Alternative other fluorescent sensor principles could use any photophysical effects (quenching, energy transfer [@bib52] etc.) that converts the conformational motion of the large array of binding proteins [@bib7], [@bib8] into conformational changes.(iv)*How general is the mechanism of MalEFGK*~*2*~ *and what does it tell us about the mechanism of other type I importers?* The large body of work on the maltose transporter has provided many valuable insights into the molecular mechanisms at play in ABC proteins. Work on the transporter has contributed to a general understanding of the mechanism of ATP hydrolysis (e.g. [@bib99], [@bib109], [@bib119]) and substrate import, from genetic [@bib12], biochemical (e.g. [@bib71], [@bib72], [@bib88]) and structural viewpoints [@bib33], [@bib78], [@bib82]. Various aspects of the transport cycle have been shown to be similar to those of other type I transporters [@bib160], [@bib161], [@bib162]. For instance, similar conformational changes have been observed in the histidine permease, HisQMP~2~ [@bib160], [@bib161]. This is remarkable given that HisQMP~2~, like most type I transporters, differs in several important respects from the maltose transporter, for instance, in lacking a large P2 loop, the scoop loop and the C-terminal regulatory domains of the NBDs. However, large differences exist between the mechanism of MalEFGK~2~ and that of type II transporters [@bib163], [@bib164]. An elegant comparative study of two molybdate/tungstate importers (one from type I and the other from type II) highlighted their mechanistic differences despite having the same substrate specificity [@bib162]. The latter system forms a high-affinity, slow-dissociating complex with its SBP that was destabilized by nucleotide and substrate binding (similar to BtuCDF [@bib164]). The former displayed a low-affinity, transient complex that is stabilized by ligands (similar to MalEFGK~2~). However, given the mechanistic diversity in ABC transporters, the study of many more ABC systems, such as the type I [l]{.smallcaps}-glutamine transporter, GlnPQ, that has different covalently linked SBDs [@bib77], [@bib165], will illuminate similarities and differences in their mechanism.
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